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Destruted double-layer and ioni harge separation near the oil-water interfae
Jos Zwanikken, and René van Roij,
Institute for Theoretial Physis, Utreht University,
Leuvenlaan 4, 3584 CE Utreht, The Netherlands
We study suspensions of hydrophobi harged olloidal spheres dispersed in a demixed oil-water
mixture by means of a modied Poisson-Boltzmann theory, taking into aount image harge eets
and partitioning of the monovalent ions. We nd that the ion's aversion for oil an destroy the
double layers of the oil-dispersed olloids. This aets the salt-onentration dependene of the
olloidal adsorption to the oil-water interfae qualitatively. The theory also predits a narrow range
of the oil-dieletri onstant in whih miron-sized water-in-oil droplets aquire enough harge to
rystallize at volume frations as small as ∼ 10−3 in the absene of olloids. These ndings explain
reent observations [M.E. Leunissen et al., Pro. Nat. A. Si 104, 2585 (2007)℄.
PACS numbers: 82.70.Kj, 89.75.Fb, 68.05.-a
Colloidal partiles an strongly adsorb to an oil-water
or an air-water interfae, and hene form a monolayer.
Sine a pioneering study by Pieranski [1℄ a lot of atten-
tion has been devoted to the lateral struture and the
lateral olloidal interations of suh monolayers [2, 3℄.
This two-dimensional piture is often realisti beause
the "binding" potential of a single olloid to the in-
terfae an be very strong, typially of the order of
103 − 106kBT for a miron-sized olloid due to surfae-
tension or image-harge eets [1, 4, 5℄. Here kB is
the Boltzmann onstant and T the temperature. How-
ever, in very reent experiments by Leunissen et al. [6℄,
on systems of harged, miron-sized, hydrophobi poly-
methylmetharylate (PMMA) spheres dispersed in an oil-
like mixture of ylohexyl bromide and is-dealin, the fo-
us was not only on the in-plane struture of the adsorbed
olloidal monolayer at the oil-water interfae, but also
on the out-of-plane "perpendiular" olloidal struture.
Striking observations of this three-dimensional study in-
lude (i) a dramati inrease of the lattie spaing of the
oil-dispersed olloidal rystal up to 40 µm by bringing
this dispersion in ontat with water, (ii) strong olloidal
adsorption to planar and spherial oil-water interfaes
even for non-wetting olloids, (iii) an extremely large
olloid-free zone between the adsorbed monolayer and
the bulk rystal in the oil phase, in some ases with a
thikness d > 100µm, and (iv) the existene of miron-
sized water-in-oil droplets that are suiently harged
to rystallize into a lattie with a spaing of 10-15 mi-
rons, without any olloid presene in the system, pro-
vided the dieletri onstant of the oil was in the nar-
row range 4 . ǫo . 10 [6℄. In this Letter we develop
a theory for a mixture of hydrophobi olloids, ations,
and anions in an oil-water mixture, taking into aount
sreening, image harges, and self energies. We do not
fous on the lateral struture [1, 2, 3℄ but instead on
the struture perpendiular to the interfae, and not on
a single olloid [5, 7℄ but on a many-body system. Key
new mehanisms that we identify this way are (i) double-
layer destrution, due the preferene of ions to reside in
the water phase rather than in diuse layers surrounding
the oil-dispersed olloids, and (ii) ioni harge separa-
tion if the ation's and anion's aversion for oil diers,
suh that water-in-oil droplets an aquire a net harge.
These phenomena explain essentially all observations of
Ref.[6℄, and ould be ingredients to further understand
and manipulate Pikering emulsions [4, 8, 9℄.
We onsider a planar water-oil interfae in the plane
x = 0, haraterized by a marosopi surfae tension
γwo. The interfae separates two semi-innite ontinu-
ous bulk phases of water (x < 0) and oil (x > 0). This
system is a medium for a three-omponent mixture of hy-
drophobi olloids (radius a, harge Ze), ations (radius
a+, harge e), and anions (radius a−, harge −e). Here
e is the elementary harge. The strongly hydrophobi
harater of the olloids is desribed here phenomeno-
logially through the olloid-water and olloid-oil surfae
tensions γcw = 10mN/m and γco = 1mN/m, respetively.
Note that these tensions do not inorporate eletrostati
ontributions. Following Pieranski's geometri argument
[1℄ a olloidal partile with its enter at x ∈ (−a, a) is
therefore subjet to the external potential
V(x) = 2πa2(γcw − γco)(1−
x
a
)− πa2γwo(1−
x2
a2
), (1)
while a partile ompletely immersed in water (x < −a)
or oil (x > a) has V (x) = 4πa2(γcw − γco) ≃ 10
6kBT
for a ≃ 1µm and V (x) = 0, respetively. Note that we
shifted the potential of Ref.[1℄ by an arbitrary onstant
for later onveniene. The potential V (x) has a deep
minimum at x = x∗ = a(γcw − γco)/γwo ≡ a cos θ with θ
the wetting angle, provided |γcw−γco| < γwo. Otherwise
V (x) is monotoni and we speak of non-wetting. Below
we onsider the wetting ase γwo = 9.2mN/m, suh that
cos θ = 0.987 and V (x∗) ≃ −103kBT , from whih strong
adsorption of miron-sized olloids at x ≃ x∗ is expeted.
We also onsider the non-wetting ase γwo = 9mN/m
suh that cos θ = 1, where no strong adsorption is to be
expeted beause V (x) is monotoni.
The planar water-oil interfae also generates an exter-
nal potential for the ions due to the dieletri disontinu-
ity, whih leads to dierent eletrostati self energies in
the two solvents. We write the self energy in medium i =
2w, o as the Born energy e2/(2ǫia±) ≡ f±(ǫi). Denoting
the loal dieletri onstant by the step funtion ǫ(x) =
ǫw for x < 0 and ǫo for x > 0, this self-energy eet an
be aounted for in terms of (onveniently shifted) ioni
external potentials V±(x) = f±(ǫ(x)) − f±(ǫw), whih
vanishes in water and is of the order of (1 − 20)kBT for
realisti ǫo ≃ 4 − 20 in the oil phase, i.e. the ions prefer
to be in water.
Now that we have speied the external potentials
V (x) and V±(x) for the olloids and the monovalent ions,
respetively, we employ the framework of density fun-
tional theory to alulate the equilibrium density proles
ρ(x) and ρ±(x) [10, 11, 12, 13℄. The grand-potential
funtional Ω[ρ, ρ+, ρ−] is written, per unit lateral area
A, as
Ω
A
=
∑
α=±
∫
dx ρα(x)
(
kBT (ln
ρα(x)
ρs
− 1) + Vα(x)
)
+
∫
dxρ(x)
(
kBT (ln
η(x)
η0
− 1) + V (x)
)
+ kBT
∫
dx
(
ρ(x)Ψ(η¯(x)) +
1
2
Q(x)φ(x)
)
, (2)
where η(x) = 4πa3ρ(x)/3 is the olloidal paking fra-
tion, and where the rst and seond line are the ideal-
gas grand-potential funtionals of the ions and the ol-
loids in their external elds, respetively, and the third
line desribes the hard-ore and Coulomb interations.
The hemial potentials are represented in terms of an
ion onentration ρs and a referene olloid paking
fration η0 to be disussed below. The olloid-olloid
hard-ore interations are taken into aount by the
Carnahan-Starling exess free energy per partile Ψ(η¯) =
(4η¯ − 3η¯2)/(1 − η¯)2 with the weighted paking fration
η¯(x) =
∫ x+2a
x−2a dx
′w(x − x′)η(x′) with the (low-density)
weight funtion w(x) = 3
32
(4a2−x2)/a3 [12℄. Suh a non-
loal treatment of the hard-ore interations is neessary
to desribe the extremely loalized adsorbed olloidal
monolayer in the ase of wetting realistially. The ele-
trostati interations between all speies are desribed
in Eq.(2) at a mean-eld level in terms of the total loal
harge number densityQ(x) = Zρ(x)+ρ+(x)−ρ−(x) and
the yet unknown eletrostati potential kBTφ(x)/e that
must satisfy the Poisson equation and boundary ondi-
tions
ǫ(x)φ′′(x) = −4πβe2Q(x), (x 6= 0); (3)
lim
x↑0
ǫwφ
′(x) = lim
x↓0
ǫoφ
′(x) ; lim
x→±∞
φ′(x) = 0.
Here a prime denotes a derivative with respet to x, and
β = 1/(kBT ). Note that the seond line of (3) de-
sribes the image-harge eets (rst term) and global
harge neutrality (seond term). Minimizing the fun-
tional leads to the Euler-Lagrange equation δΩ/δρ(x) =
δΩ/δρ±(x) = 0, whih an be rewritten as
η(x) = η0 exp
(
− βV (x) − Zφ(x)− βµ(x)
)
;
ρ±(x) = ρs exp
(
− βV±(x)∓ φ(x)
)
, (4)
with βµ(x) = Ψ(η¯(x))+
∫ x+2a
x−2a dx
′w(x−x′)η(x′)Ψ′(η¯(x′))
where Ψ′(η) = dΨ(η)/dη. Note that the strongly hy-
drophobi harater of the olloids leads to a vanishing
olloid-density at x → −∞, suh that φ(−∞) = 0 and
ρ±(−∞) = ρs for eletro neutrality reasons, i.e. the bulk
water phase ats as the salt reservoir with a total ion
onentration 2ρs. The orresponding Debye sreening
length in the water phase is κ−1w = (8πβe
2ρs/ǫw)
−1/2
.
In the bulk oil-suspension, x → ∞, the average olloid
paking fration η(∞) ≡ ηb an be imposed by tun-
ing η0 appropriately. Eqs.(3) and (4) also imply, for
x > 0, that φ′′(x) = κ2o sinh(φ(x)−φc)− 4πβe
2Zρ(x)/ǫo,
with the Debye sreening length κ−1o in the oil phase de-
ned by κ2o = κ
2
w(ǫw/ǫo) exp[−β(V+(∞)+V−(∞))/2] and
φc = β(V−(∞)− V+(∞))/2.
Eqs.(3) and (4) form a losed set for the four unknown
proles ρ(x), ρ±(x), and φ(x), and an be solved nu-
merially on an x-grid by standard iterative methods on
desktop PC's. Typially we use several hundred non-
equidistant grid points, with a relatively small grid spa-
ing lose to x = 0 and lose to the monolayer position
x = x∗ in the wetting ase.
We x as many parameters as possible in aordane
with those in the experiments desribed in Ref.[6℄, suh
that Z = 450, a = 1µm, ηb = 5×10
−5
, ǫw = 80, ǫo = 5.2.
For simpliity we take equal ioni sizes a+ = a− = 0.3
nm suh that V±(x) = 17kBT for x > 0 for both ioni
speies. This leads to κ−1o /a = 1 − 40 if one varies ρs
from 0.07 to 26 mM. In Fig. 1 we show, for these param-
eter hoies, the resulting olloidal paking frations η(x)
for several sreening lengths κ−1o , in (a) for the nonwet-
ting ase cos θ = 1 and in (b) for the partial wetting ase
cos θ = 0.987. In all ases the olloids are so hydrophobi
that η(x) is vanishingly small for x < 0. The qualitative
dierene between the two sets of urves in (a) and (b)
is striking, given the small dierene in ontat angle.
In Fig.1(a) we observe η(x) to inrease by up to several
orders of magnitude near the interfae at a < x . 5a,
whereas in Fig.1(b) we observe a densely paked mono-
layer of olloids at x = x∗ separated from the bulk by a
olloid-free zone of a thikness d of the order of several
κ−1o . Although the inrease of η(x) up to 10
3ηb lose to
the interfae in Fig.1(a) is signiant, it is muh weaker
than to be expeted on the basis of the attrative image
harge potential W (x) = ZZ ′e2/(4ǫox) ≃ −500akBT/x
that a single olloid (without ations and anions) would
experiene at x > a for the present parameters, with
Z ′ = −Z(ǫw − ǫo)/(ǫw + ǫo) = −395 the image harge
[5℄. At rst sight one would attribute this relatively mod-
est olloidal adsorption to the mutual repulsion between
adsorbed olloids, whih in the present many-body de-
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Figure 1: The paking fration prole η(x) of strongly hy-
drophobi, oil-dispersed olloidal spheres (radius a = 1µm,
harge Z = 450) in the viinity of a planar interfae at
x = 0 between water (x < 0, dieletri onstant ǫw = 80)
and oil (x > 0, ǫo = 5.2), for a olloidal bulk paking fra-
tion ηb = η(∞) = 5 × 10
−5
, in (a) for nonwetting ol-
loids (cos θ = 1) for oil sreening lengths κ−1o /a = 4 − 40
from bottom to top, and in (b) for weakly wetting olloids
(cos θ = 0.987) for κ−1o /a = 4 − 40 from left to right. The
insets show, for κ−10 = 40a, the salt and olloidal harge distri-
butions, revealing the omplete (a) and partial (b) destrution
of the double layer around the adsorbed olloidal layer.
sription is inluded through the mean-eld Coulombi
term in Eq.(2). However, in that ase one would expet
a stronger (longer-ranged) olloid-olloid repulsion and
hene a weaker olloidal adsorption for inreasing κ−1o ,
whereas Fig.1(a) shows the opposite trend. This implies
that another mehanism is at work here. The mehanism
that we identify involves the salt and olloidal harge dis-
tributions Qs(x) = ρ+(x) − ρ−(x) and Qc(x) = Zρ(x),
respetively, shown in the insets of Fig.1 for κ−1o /a = 40.
These insets show a harge separation due to the aumu-
lation of a net negative ioni harge in water, in a very
thin layer −κ−1w < x < 0, and a net positive olloidal
harge for a < x < 5a in (a) and at x = x∗ in (b). In
other words, the usual double-layer struture, in whih
the ompensating ioni harge resides in the viinity of
several Debye lengths of the olloidal harged surfaes, is
destroyed ompletely (a) or partially (b) for hydrophobi
olloids in the viinity of the oil-water interfae: a fra-
tion of the ompensating ioni harge prefers to reside in
the water phase "further away" rather than lose to the
olloidal surfae. Sine the length sale for loal harge
separation is set by the Debye length, this fration, and
hene the net harge in the thin layer −κ−1w < x < 0 in
the water, will inrease with inreasing κ−1o . This au-
mulated harge attrats the oppositely harged olloids
at x > a in Fig.1(a), and hene the adsorption of olloids
inreases with κ−1o . In a an oversimplied dynami sense
one ould envisage a olloid with a spherial double layer
approahing the water-oil interfae from the oil side, then
being stripped from (part of) its ioni loud if it gets to
lose, suh that it annot diuse bak to the bulk as a
neutral entity and hene adsorbs. Double-layer destru-
tion also takes plae in the wetting ase of Fig.1(b), where
the deep well of V (x) at x = x∗ drives the formation of a
lose-paked monolayer at x = x∗. Due to olloid-olloid
repulsions this monolayer strongly repels the olloids in
bulk, giving rise to the olloid-depleted zone of a thik-
ness d that inreases with κ−1o , as expeted on the basis
of this argument, in agreement with Fig.1(b). However,
whereas d ≃ 4κ−1o for κ
−1
o . 10a, d is levelling o for
larger κ−1o to a maximum value of about d ≃ 80a at
κ−1o = 50a, beyond whih d is dereasing with κ
−1
o (not
shown). This peuliar behavior of d at large κ−1o is en-
tirely due to the double-layer destrution, whih auses
(an inreasing fration of) the ompensating harge of
the monolayer at x = x∗ to reside in the water phase
at −κ−1w < x < 0, suh that the geometry tends to be
that of two oppositely harged plates whih have a strong
eld inside but a weaker eld outside, i.e. the repulsion
between the monolayer and the bulk olloids is redued
and hene d shrinks. This non-monotoni behavior of d
with κ−1o is a mere predition of the present theory, but
the observations of d dereasing from about 100 to 20 mi-
ron upon adding salt in the water phase [6℄ (and hene
varying κ−1o over the parameter regime of Fig.1(b)) is in
agreement with the theoretial values.
One problem in the omparison between the results of
Fig.1 and the experiments of Ref.[6℄ is that the olloid-
depleted zone was observed for non-wetting olloids,
whereas Fig.1(b) holds for the ase of wetting olloids,
cos θ = 0.987. One ould on the one hand of ourse ar-
gue that the wetting angle of the experimental system is
smaller than the resolution of its measurement, suh that
the experimental system would atually be (extremely
4weakly) wetting. But on the other hand we found in ex-
tended alulations that proles suh as those of Fig.1(b)
an also be obtained for non-wetting olloids provided
we take into aount the ombined eets of (i) harge
regulation, suh that an additional prole Z(x) is alu-
lated using ioni assoiation-dissoiation equilibrium as
an additional ondition, and (ii) a nonloal analogue of
the loal relation Qc(x) = Zρ(x), suh that a olloid at
x ontributes to the harge density in the whole interval
[x−a, x+a]. These extension will be published elsewhere.
In Ref.[6℄ it was also reported that water-in-oil droplets
ould be stable without any olloids or any other addi-
tives in the system. This observation goes against the
ommon believe that emulsions require "emulsiers" in
order to be stable [14℄. The stabilization mehanism
proposed in Ref.[6℄ is based on the asymmetry between
the ations and anions as regards their self-energy in
oil and water, suh that the droplets spontaneously a-
quire a net harge. Moreover, it was observed that a
system of water-in-oil droplets ould atually even rys-
tallize, but only if 4 . ǫo . 10. The present theory as
formulated in Eqs.(3)-(4) an be employed to underpin
and further understand these reent surprising observa-
tions. The absene of any olloids is modelled by setting
ρ(x) ≡ 0 throughout, and the alleged asymmetry of the
ations and anions is taken into aount by setting their
size ratio a+/a− ≡ ξ < 1, suh that V−(x) = ξV+(x),
i.e. the ations' aversion for oil is larger than the an-
ions'. For ξ = 0.5 and ǫw = 80, we solved Eqs.(3)-(4)
on an x-grid to obtain the equilibrium proles ρ±(x), for
ρs[M ] = 10
−5, 10−1, for a range of ǫo and a+. The net
(positive) harge in the water phase (per unit area, in
units of e) follows as σ =
∫ 0
−∞
dx(ρ+(x) − ρ−(x)). If
we now presume that a spherial water-in-oil droplet of
radius R has the same surfae harge density, it would
have a total harge number Z = 4πR2σ, and two of these
droplets would repel eah other by a potential of the form
v(r) = (Ze)2 exp(κo(2R − r))/[ǫo(1 + κoR)
2r] [13℄. In-
spired by the experiments of Ref.[6℄ we set R = 1.5µm,
and onsider βv(r) for the inter-droplet spaing r = 10R
as a funtion of ǫo and a+ as shown in the ontour plot
of Fig.2. It is learly observed that v(10R) only exeeds
1kBT in a very narrow band of values for ǫo. Given that
one expets rystallization of a dilute system of harged
spheres as soon as v(r) at typial droplet spaings exeeds
O(kBT ), the narrow ǫo-bands of Fig.2 orrelate with the
observations in Ref.[6℄. The peak in Z at ǫo ≃ 30≫ 10,
shown in the inset of Fig.2, shows that v(10R) is deter-
mined by an intriate balane of amplitude and range; the
fat that ZλB/R . 5 for ǫo < 10, with λB = βe
2/ǫo the
Bjerrum length of the oil, indiates that harge renormal-
ization is of no onern in the regime where βv(10R) ≃ 1
[13℄.
In onlusion, we have presented a theory for harged
olloids, anions, and ations near a water-oil interfae,
taking into aount olloidal wetting properties, ioni
self-energies, eletrostati image eets and sreening.
We foussed on the struture perpendiular to the in-
terfae, and identied the destrution of olloidal dou-
ble layers and the separation of ioni harge as im-
portant mehanism taking plae near this interfae.
With these non-lateral mehanisms we an desribe sev-
eral reent observations of hydrophobi harged olloids,
most notably the large olloid-depleted zone in between
the adsorbed monolayer and the bulk oil-dispersed ol-
loidal phase, the spontaneous self-harging of water-in-oil
droplets, and their rystallization in a narrow band of ǫo
[6℄. An extension of the theory to desribe the very re-
ent observations of stable Pikering emulsions [15℄ is in
progress.
It is a pleasure to thank M.E. Leunissen and A. van
Blaaderen for sharing their experimental results with us
before publiation, for useful disussions, and for are-
fully reading the manusript.
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Figure 2: Contours of the pair potential v(r) between water-
in-oil droplets of radius R = 1.5µm at separation r = 10R,
as a funtion of ation radius a+ and dieletri onstant of
the oil ǫo, for two water salt onentrations ρs = 10µM and
0.1M. The anion radius is a
−
= 2a+ here, and no olloidal
partiles are present. Within the similar narrow region of ǫo
we nd that v(10R) − v(9R) = O(kBT ).The inset shows, for
a+ = 0.3nm and ρs = 10
−5
M, the harge Z and ombination
ZλB/R of the droplet (see text).
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